Introduction
Plants undergo drought stress either due to limited water supply to the roots or a high transpiration rate (Manivannan et al., 2007) . Drought stress is a major threat to worldwide crop production, chiefly in areas where irrigation is an unavoidable aid to crop production. Drought stress is recognized as the most lethal abiotic stress disturbing crop metabolic activities such as cell division and expansion, leaf area, shoot growth and root development, stomatal oscillations and photosynthesis, plant water and nutrient relations connected with diminished growth, and the productivity of several arable crops (Bruce et al., 2002; Aslam et al., 2006; Hussain et al., 2008 Hussain et al., , 2009 Hussain et al., , 2013 Li et al., 2009; Farooq et al., 2012) . It is a constraint to the sustainability of established agricultural production systems in developed countries around the globe (Rojas et al., 2011) . Hence, an ample supply of irrigation water is essential to improve crop productivity and ensure future food supplies.
Maize (Zea mays L.) is the third most important cereal crop after rice (Oryza sativa L.) and wheat (Triticum aestivum L.). It is a high-yielding cereal crop grown twice a year, and, therefore, it is capable of fulfilling the future dietary needs of ever-rising worldwide demographic pressure. Drought stress at any phenophase of maize crop production limits its growth and production potential (Shao et al., 2008) ; however, episodes of drought at critical phenophases pose more potential damage (Fenner, 1998) . For instance, drought during the reproductive stage of maize is highly destructive, leading to a large yield tax (Borras et al., 2002; Hammer and Broad, 2003) . It is more drought resistant during its early stages of growth, but severe water stress at any stage of crop growth reduces the yield markedly (Dhillon et al., 1995) . Yield components of maize like cob length, grains per cob, and grain size are severely hampered due to drought stress at different critical growth periods resulting in lower grain outputs (Nouna et al., 2000; Panitnok et al., 2005; Moser et al., 2006; Hussain et al., 2013) . Maize-grain yield is closely related with kernel number at maturity, and kernel number is determined by the physiological position of the crop around flowering (Otegui and Andrade, 2000) . Water stress at flowering has a bad effect on the physiological status of the crop as a result of diminished photosynthetic rates, lower supplies of water, and lower plant growth rates. That, in turn, badly affects kernel setting during a critical reproductive period, and grain yield is negatively impacted (Andrade et al., 2002; Hussain et al., 2013) .
Suitable sowing methods and seed priming are among several agronomic techniques used to cope with the adversities of drought-induced losses in maize (Harris et al., 2001; Farooq et al., 2013; Hussain et al., 2013) . Roots elongate slowly due to hampered water supply and mechanical impedance under water-deficient soil conditions (Bengough et al., 2011) , forcing the plants to explore a small volume of soil to get water and nutrients in dry soils (Chassot and Richner, 2002) . Drought-induced growth inhibition of roots is even well reported in tolerant genotypes; the effect is very distinct in sensitive ones (Piro et al., 2003) . Therefore, a well-developed root system seems a viable tool to improve plant growth, principally in soil conditions with low water and nutrients supplies. Results of several field trials elucidated that growing maize on ridges permits more efficient use of irrigation water and nutrients compared with other sowing methods due to the better rooting system produced, under both wellwatered and drought conditions (Khan et al., 2012a (Khan et al., , 2012b Hussain et al., 2013) . Ridges might provide a loose, fertile layer of soil with more aeration and easy supply of nutrients than a flat surface resulting in a well-developed root system (Khan et al., 2012a (Khan et al., , 2012b . The furrow-ridge method provides better drainage and saves more water than border irrigation and provides maximum maize yield (Chaudhary and Qureshi, 1991) .
Emergence, early stand establishment, growth, and yield attributes of field crops can be improved by different seed-priming techniques. Seed priming, a pre-sowing partial hydration of seeds, is often used to improve crop performance (Ashraf and Foolad, 2005) . The cellular mechanism of seed priming as it relates to improved germination as well as stress-tolerance, however, is not fully understood. Among several osmotica, polyethylene glycol (PEG), KNO 3 , K 3 PO 4 , MgSO 4 , KCl, and CaCl 2 are used to direct the water potential of the solution during seed priming. The performance of crops under different abiotic stresses such as drought, chilling, and salinity can be improved by seed priming . Farooq et al. (2006) reported that osmohardening with CaCl 2 improved germination and emergence in rice, while Rehman et al. (2011) reported better stand establishment and higher seedling vigor and yield in direct-seeded rice owing to osmopriming with CaCl 2 . Seed priming led to better crop emergence and growth, earlier flowering, and greater yield for summer grown maize (Harris et al., 1999 (Harris et al., , 2001 . It is evident from the above-mentioned literature that seed priming with Ca salts, especially CaCl 2 , can improve vigor, growth, and development of cereals in stressful environments. Water stress is a growing problem around the globe, and seed priming with CaCl 2 may help to mitigate the adverse effects of drought stress.
Keeping the above-mentioned in view, it is evident that seed priming and ridge sowing are highly beneficial in improving maize performance under normal and deficit water conditions; however, information about the interactive effect of ridge planting and osmopriming with CaCl 2 to improve drought tolerance in maize has seldom been explored. Therefore, this field study was designed with the hypothesis that ridge sowing can mitigate the adversities of drought stress at different growth phases by encouraging a well-developed root system, and seed priming with CaCl 2 will further improve the performance of ridge-sown maize in water-limited environments. 
Materials and methods

Experimental site description
Experimental details
The seeds of maize hybrid Hi-Corn-11 Plus were collected from Pioneer Seeds, Sahiwal, Pakistan. For priming, seeds were soaked in an aerated solution of CaCl 2 (osmopriming) and distilled water (hydropriming), while the untreated dry seeds were taken as controls. To accomplish hydroand osmopriming, seeds were fully immersed in aerated water and a solution of CaCl 2 (ψs -1.25 MPa) for 24 h at a 1:5 (w/v) ratio, respectively. After priming, the seeds were given three surface washings with tap water and redried near to their original weight with forced air under shade at 27 ± 3 °C. The seeds were then sealed in polythene bags and stored in a refrigerator at 5 °C until use. Primed and untreated seeds were planted on ridges and flat surfaces in rows 75 cm apart. Drought stress was imposed at the vegetative and tasseling stages by withholding irrigation up to ~50% FC level, while well-watered conditions (~75% FC) were taken as control.
Experimental design
The experiment was laid out in randomized complete block design (RCBD) with a split-split plot arrangement and three replications with a net plot size of 5 × 3 m. Water-stress levels, sowing methods, and seed-priming techniques were kept in main, sub, and sub-sub plots, respectively (Hussain et al., 2013) .
Crop cultivation
Prior to seedbed preparation, a presoaking irrigation of 10 cm was applied. When soil attained feasible moisture, the seedbed was prepared by cultivating the field 2 times with a tractor-mounted cultivator, following each with planking. Primed and untreated seeds of maize were sown on 30 July 2011 on well-prepared land. Sowing was done by dibbling on a flat surface and manually on ridges, maintaining a plant-to-plant distance of 20 cm. Fertilizers were applied at 200 kg of nitrogen (N) and 150 kg of phosphorus (P) using urea and triple superphosphate as source, respectively. A full dose P and half of N were applied at the time of sowing, and the remaining half dose of N was applied with the 1st irrigation. Water stress was imposed at the vegetative and tasseling stages by withholding irrigation. After the 1st irrigation when the soil reached a workable moisture level, manual hoeing was done to keep the crop free from weeds. The crop was attacked by shoot fly 21 days after sowing. Furadan (10 kg ha -1 ), with the active ingredient carbofuran 5% w/w, was applied for the control of shoot fly (2 grains per plant). The mature crop was harvested on 28 November 2011 manually by sickle.
Methodology for recording data
Ten randomly selected plants from each experimental unit were uprooted carefully, to avoid damage to the roots, fortnightly; number of lateral roots was counted and averaged to record the number of lateral roots. Similarly, primary root length of the uprooted plants was measured with a measuring tape and averaged to record the primary root length. The number of leaves present on ten randomly-selected plants from each treatment unit was counted at fortnightly intervals and averaged to get a leaf score. Plant population at maturity was obtained by counting the total number of plants from homogeneous 1 m 2 areas from each experimental unit. Ten plants at maturity from each treatment were randomly selected, measured for height with a measuring tape, and averaged to record plant height. Total number of cobs present on ten randomly selected plants from each experimental unit were counted and averaged to record number of cobs per plant. Ten cobs selected at random were measured for length with a measuring tape and averaged to record cob length. Total number of grain rows and grains present on each cob from ten randomly selected cobs were counted carefully and averaged to record the number of grain rows per cob and number of grains per cob, respectively. Three random samples of 1000 grains from each experimental unit were taken, weighed, and averaged to record 1000-grain weight. At maturity cobs were removed, sun dried, and threshed manually to calculate grain yield per plot which was converted to a per hectare basis by unitary method. The random grain samples were taken from each plot to find moisture content. Then, grain yield was adjusted to 10% moisture content and converted into kg ha -1
. At maturity all plants in each experimental unit were harvested manually and tied into bundles. The weight of all air-dried plants from each plot, except the cobs, was taken by spring balance and converted into kg ha -1 . The recorded weight was then added to the previously calculated grain yield (kg ha -1 ) to record biological yield.
Statistical and economic analysis
Collected data regarding all parameters were analyzed by using Fisher's analysis of variance technique, and LSD test at 5% probability was used to compare the differences among treatment means (Steel et al., 1997) . For the economic analysis, cost of seedbed preparation, seed and sowing, priming, irrigation, fertilizing, crop protection, weeding, earthing-up, harvesting, and land rent were summed to calculate total expenses. Gross income was calculated according the prevailing market price of maize grains in the country, while net income was determined by subtracting the expenses from gross income. Moreover, the benefit-cost ratio (BCR) was estimated by dividing the gross income by expenses (CIMMYT, 1988) . 
Results
Drought stress imposed at vegetative and tasseling stages notably decreased primary root length and number of lateral roots at 60 and 75 days after sowing (DAS) compared with the well-watered crops under both planting methods (Figures 1 and 2) . However, both priming techniques mitigated the effects of drought and improved the root length and root proliferation at 45, 60, and 75 DAS under stressful and well-watered conditions, compared with untreated seeds (Figures 1 and  2) . Moreover, ridge planting maintained its supremacy over flat seedbeds for primary root length and lateral roots under all priming techniques under drought stress and well-watered conditions (Figures 1 and 2 ). Although drought stress and seed priming did not affect the number of leaves per plant, ridge sowing frequently improved the number of leaves per plant compared to the flat sowing of maize (Figure 3 ). Plant height was extensively reduced by imposing drought at different phenophases, and terminal drought proved most damaging in this regard. The ridgeplanted and osmoprimed seeds produced the highest plant height under well-watered conditions, while flat-sown maize using dry seeds under terminal drought produced the lowest plant height observed ( Osmoprimed seeds sown on ridges under well-watered conditions possessed the highest number of cobs per plant (Table 2; Figure 5 ). All other plots had a statistically similar number of cobs per plant, except the dry seeds sown on flat land under well-watered conditions which had the lowest number of cobs per plant ( Figure 5 ). Drought stress at both phenophases substantially decreased the cob length, while osmopriming significantly improved the cob length against untreated seeds (Table 2; Figure 6 ). However, ridge planting maintained its dominance over flat seedbeds in improving cob length under drought imposed at the terminal drought stage (Table 2; Figure 6 ). Numbers of grains per cob were significantly reduced by drought at different phenophases, in particular drought at tasseling under flat sowing ( not only under well-watered conditions but also under terminal drought (Figure 7 ). Drought stress intensely decreased 1000-grain weight of maize, particularly in flat-sown crops, while ridge sowing helped to maintain a higher 1000-grain weight under drought stress (Table 2; Figure 8 ). Biological yield was rigorously reduced under drought stress, and terminal drought proved most dangerous (Table 2; Figure 9 ). Ridgesown crops with seed priming produced higher biological yield in well-watered and vegetative drought conditions (Table 2; Figure 9 ). Drought stress substantially impaired the grain yield, particularly the terminal drought, when compared with a well-watered environment (Table 2; Figure  10 ). However, seed priming and ridge sowing improved the grain yield of maize under well-watered as well as drought conditions. Drought significantly reduced the harvest index, while seed priming improved the harvest index under well-watered conditions and under drought stress (Table 2; Figure 11 ). The highest harvest index was recorded for osmopriming in a well-watered environment (Figure 11 ).
Economic analysis (Table 3) indicated that a wellwatered maize crop provided a higher gross and net income and BCR, while drought stress at the tasseling stage seemed poor in this regard. Likewise, ridge planting compared to flat seedbed and osmopriming compared with hydropriming and untreated seeds provided higher net income and BCR (Table 3) .
Discussion
Drought both at vegetative and tasseling stages significantly impaired root system, yield, and related traits in maize; however, osmopriming and ridge sowing nullified the damaging effects of drought stress on maize performance (Table 2 ; Figures 1-11) .
Possible reasons for drought-related decline in primary root length and number of lateral roots are reduced water Figure 8 . Effect of seed priming techniques and sowing methods on 1000-grain weight (g) of maize grown under drought at different phenophases ± S.E.; LSD at 5% = 50.98. supply to growing roots, which impairs cell division and expansion, mechanical hindrance to growing roots, diminished enzyme activities, and loss of turgor (Taiz and Zeiger, 2010; Zharfa et al., 2010; Farooq et al., 2012) . Declines in root length and number of lateral roots have been observed under drought stress at different growth phases in maize (Ogawa et al., 2005) . Improvements in root length and number of lateral roots by ridge sowing are the direct effect of the provision of a loose soil layer offering no resistance to root proliferation; the hard soil layer in the flat surface offers resistance, disturbing root growth (Khan et al., 2012a (Khan et al., , 2012b . Drought-induced damage to rooting systems and the supremacy of ridge sowing for improving root systems in maize have been reported by Hussain et al. (2013) , who noted that reduced water supply affects root growth, while ridges provide a loose surface layer to help the roots go deeper and extract moisture from deeper layers of soil. Similarly, priming-associated benefits for alleviating the damaging effects of abiotic stresses, drought in particular, have been reported . Improvement in root length and seedling fresh weight by osmopriming with CaCl 2 , compared with unprimed seeds, has also been reported (Farooq et al., 2006) . Reduction in plant height under drought stress at different growth phases might be due to a decline in cell expansion and increased leaf senescence (Bhatt and Rao, 2005) . Likewise Istanbulluoglu et al. (2002) also reported shortened plant height in maize under water deficit conditions. However, seed priming significantly improved plant height. There are contrasting reports in the literature indicating that priming-related benefits to crops only persist in earlier vegetative growth and have no effect on plant height (Basu and Choudhury, 2005) .
Maize-grain yield is a consequence of the collective effects of all yield-related traits including number of cobs per plant, number of grains per cob, and grain size etc. under a given set of husbandry conditions. Drought imposed both at vegetative and tasseling stages substantially decreased the grain yield, although drought at tasseling was more damaging (Figure 10 ). Several researchers reported reduced grain yield of maize under drought stress, in particular drought at the reproductive phase (Cakir, 2004; Xin et al., 2011; Hussain et al., 2013) . A substantial reductions in yield components (cob size, number of cobs per plant, number of grains per cob, and 1000-grain weight) were the key reasons for the yield penalty under drought stress at tasseling (Figures 5-10) . Pollen sterility might be the cause of reduced grains per cob under water stress at the tasseling stage. Earlier, Sah and Zamora (2005) reported 18% and 40% fewer grains per cob due to exposure of the maize crop to drought at the vegetative and reproductive stages, respectively, compared with well-watered plants. Moreover, a short supply of water and nutrients due to poor root systems (Figures 1  and 2 ) under drought stress was also responsible for poor expansion of yield-related traits and led to the yield tax paid. Khan et al. (2012a) reported a positive relationship between root system and yield components of maize.
Ridge-sown maize produced a notably higher yield under well-watered and drought conditions due to a significant expansion in all yield-related traits (cob size, number of cobs per plant, number of grains per cob, and grain size) (Figures 5-10 ). In the case of ridge planting, ridges might provide a loose layer of fertile soil to growing roots, preventing resistance to root proliferation, and thus long roots with more lateral roots were observed (Figures 1 and 2 ). This well-developed root system, in the case of ridge sowing, ensured a greater water and nutrient supply by expanding into a larger area in a waterlimited environment, compared with flat seedbeds (Khan et al., 2012a (Khan et al., , 2012b Hussain et al., 2013) . Therefore, an elevated water and nutrient supply in ridge sowing enabled the plants to increase their photosynthetic activity to accumulate more dry-matter production and yield-related traits.
Seed priming, osmopriming with CaCl 2 in particular, not only improved the maize yield under well-watered conditions, it noticeably mitigated the detrimental effects of drought imposed at vegetative and tasseling stages on yield due to a substantial upgrading of yield-related traits (Figures 5-10 ). Higher water and nutrient supplies under deficit water conditions due to a well-developed root system, i.e. more root length with higher root proliferation (Figures 1 and 2) , might be the cause of improvement in yield related traits (cob length, number of grains per cob, and 1000-grain weight) in maize subjected to osmopriming under drought stress (Figures 6-8 ). Better assimilate portioning and greater grains per cob in maize due to seed priming were also reported (Harris et al., 1999 (Harris et al., , 2001 . Improvement in crop performance in terms of germination, early growth, yield, and yield components in different field crops under stressed environments has also been reported (Farooq et al., 2006 .
Economic feasibility in monetary terms is prerequisite for adoption of any new innovation or technique on a large scale in the farming community. Economic analysis of the experiment clearly elaborated the dominance of well-watered conditions over drought, drought at tasseling in particular, to attain higher income and BCR (Table 3) . Nonetheless, ridge sowing compared with flat seedbed and osmopriming compared with control (unprimed seeds) also proved their supremacy for achieving maximum net income and BCR (Table 3) , due to the resulting expansion in maize production under normal and stressful conditions.
In conclusion, drought both at vegetative and tasseling phases severely hampered the root systems and productivity of hybrid maize; however, ridge sowing and seed priming with CaCl 2 were helpful in mitigating the adversities of drought stress. Maize can be sown on ridges and seed primed with CaCl 2 where it is subjected to drought stress in order to minimize the losses induced by drought stress. Further, it is suggested that the effects of priming with different Ca salts must be explored for improving maize productivity in water-limited environments.
